The effects of solid-state NaOH pretreatment on the efficiency of methane production from semi-dry anaerobic digestion of rose (Rosa rugosa) stalk were investigated at various NaOH loadings (0, 1, 2, and 4% (w/w)). Methane production, process stability and energy balance were analyzed. Results showed that solid-state NaOH pretreatment significantly improved biogas and methane yields of 30day anaerobic digestion, with increases from 143.7 mL/g volatile solids (VS) added to 157.1 mL/g VS -192.1 mL/g VS added and from 81.8 mL/g VS added to 88.8 mL/g VS-117.7 mL/g VS added, respectively. Solid-state NaOH pretreatment resulted in anaerobic digestion with higher VS reduction and lower technical digestion time. The 4% NaOH-treated group had the highest methane yield of 117.7 mL/g VS added, which was 144% higher compared to the no NaOH-treated group, and the highest net energy recovery. Higher rate of lignocellulose breakage and higher process stability of anaerobic digestion facilitated methane production in the NaOH-pretreated groups.
INTRODUCTION
Rose (Rosa rugosa), a highly popular garden ornamental plant and cut flower (Bendahmane et al. ) , is commonly cultivated in China. Rose is also used to produce herbal medicines or foodstuffs rich in ascorbic acid, since its petals are a rich source of essential oils (Feng et al. ) . The Yunnan province in China is the largest production base of cut flower, and the cultivated area of rose in this province reached approximately 47 km 2 in 2012 (Lu ) . At present, large quantities of rose stalk are either burned in open fields or abandoned in the field, which contributes to environment pollution (Cheng & Zhang ) . Measures that permit anaerobic digestion of organic wastes have the potential to generate bioenergy while effectively eliminating pollution caused by burning of rose stalks. However, studies on anaerobic digestion of rose stalks are few and far between. Yang et al. () determined the biogas production potential of fresh rose stalk under wet anaerobic conditions (5% total solids (TS) content) and reported a biogas yield of 305 mL/g TS.
In general, wet anaerobic digestion yields less than 10% TS, compared to about 10-15% TS for semi-dry anaerobic digestion, and greater than 15% TS for dry anaerobic digestion. However, there is no established standard for determining a cut-off point (Bolzonella et al. ; Beevi et al. ) . Compared with wet anaerobic digestion and dry anaerobic digestion, semi-dry anaerobic digestion not only reduces water consumption but also increases mass transfer between organic matter and anaerobic microorganisms. Semi-dry anaerobic digestion has been widely used in treating source-sorted organic fraction of municipal solid wastes (Pavan et al. ; Bolzonella et al. ; Dong et al. ; Beevi et al. ) . Accordingly, in this study, we sought to investigate the feasibility of semi-dry anaerobic digestion of rose stalks.
The lignocellulosic structure of rose stalk, consisting mainly of cellulose, hemicellulose and lignin, is resistant to biodegradation. Alkaline pretreatment is considered one of the promising technologies for pretreatment of lignocellulosic biomass. Alkaline pretreatment swells lignocellulosic biomass and enhances the digestibility of substrates for enzymatic hydrolysis through dissolution and saponification of the ester bonds interconnecting the components of lignocellulose (Li et al. ; Zumar Bundhoo et al. ) . Pang et al. () proposed a novel solid-state alkali pretreatment method that was simpler and more environmentally friendly for lower water consumption and wastewater generation. They found that solid-state pretreatment of corn stover at 6% (w/w) NaOH loading improved biogas yield by 48.5% compared with untreated samples. The effect of alkali solidstate pretreatment on the biodegradability of lignocelluloses was recently investigated for various biomass species such as rice straw (Liang et al. a) and corn stover (Zhu et al. ; Li et al. ) . The effectiveness of pretreatment methods not only relies on the pretreatment conditions, but also on the type of pretreated biomass. As far as we know, the effect of solid-state pretreatment of rose stalk on methane production has not been studied to date.
The main goal of this study was to investigate the effect of solid-state pretreatment of rose stalk on methane production from semi-dry anaerobic digestion at four NaOH loadings of 0, 1, 2, and 4% (w/w). Comparison of methane production and process stability was done, and TS and volatile solid (VS)) reductions and energy balance for semi-dry anaerobic digestion of differently pretreated biomass were studied. Our findings reveal important new insights into the feasibility of improving methane production by semidry anaerobic digestion of rose stalk after NaOH solidstate pretreatment.
MATERIAL AND METHODS

Rose stalk and inoculums
Fresh rose stalk collected from Jinning County in Yunnan Province, China in August 2014 was chopped into 3-4 cm long pieces with shears after air-drying. The TS and VS contents of rose stalk were 95.49% and 91.40% of TS, respectively. Rose stalk contained 46.23% carbon, 5.90% hydrogen, 1.57% nitrogen, and 46.3% oxygen. Cellulose content was 44.31% of TS, hemicellulose content was 1.96% of TS, while lignin content was 15.24% of TS.
The anaerobic culture generated previously in our laboratory was used as seed and then concentrated before being used as inoculum. TS and VS contents of the seed culture were 4.18% and 42.3% of TS, respectively. The pH of the seed culture was 7.35.
Solid-state NaOH pretreatment
The optimal conditions of solid-state NaOH pretreatment of grounded corn stover were 5% NaOH loading (w/w) at ambient temperature (20 ± 0.5 W C) for 24 h with 47.3% of the moisture (Zhu et al. ) . But the high pH value and large accumulation of acetic acid, low biogas production were occurred at the beginning of anaerobic digestion under the studied pretreatment conditions (Zhu et al. ) . This suggests that inhibition occurred at the initial digestion stage. To eliminate initial inhibition and improve the pretreatment efficiency, pretreatment temperature and time increased in the present study. Zheng et al. () found pH value maintained stable for NaOH pretreatment of grounded corn stover at the pretreatment stage after 3 days' time. So the initial the solid-state NaOH pretreatment conditions were set as follows: pretreatment temperature of 55 W C and pretreatment time of 3 days. Four NaOH loadings of 0, 1, 2, and 4% (w/w) were used. The four experimental groups corresponding to the different NaOH loading values were referred to as CK (0% NaOH), R1 (1% NaOH), R2 (2% NaOH) and R3 (4% NaOH). First, 50 g wet weight of rose stalk, NaOH, and 50 mL of distilled water were added and uniformly mixed in 1 L reagent bottles. All bottles were then covered with plastic films, closed with plastic rings, and kept at 55 W C for 3 days. A control group with no NaOH treatment (CK) was also prepared with only rose stalk and distilled water, and then kept at 55 ± 1 W C for 3 days. The pretreated mixture was agitated by hand for 1 min once daily. The initial TS concentration of all four groups was 47.7%. Each pretreated group was investigated in four replicates: one for composition reduction and soluble matter release from pretreated biomass and the remaining for biogas production through semi-dry anaerobic digestion.
Semi-dry anaerobic digestion
The equipment used for anaerobic digestion has been described previously by Chen et al. () . A 30% (volume of anaerobic cultures/total volume of reactor) inoculums was selected based on previous reports in the literature (Sun et al. ) . After pretreatment, 100 mL of distilled water and 300 mL of anaerobic seed cultures were added to each pretreated biomass and the mixture was then added to a 1 L bottle and uniformly mixed. All bottles were covered with butyl rubber stoppers after being flushed with nitrogen (99.9%) for 3 min and then placed in an incubator at 55 ± 1 W C for semi-dry anaerobic digestion. The initial TS concentration in all reactors was determined to be about 12.1% by calculations based on initial TS weight added. Semi-dry anaerobic digestion of pretreated stalk was conducted in triplicate. During anaerobic digestion, each digested bottle was manually mixed twice a day to avoid stratification.
Analytical methods
For measurements of alkalinity, chemical oxygen demand (COD) and volatile fatty acids (VFAs), the digested samples were centrifuged at 4,000 rpm for 5 min, and the supernatants were used for further analysis. Standard methods were used to measure COD (APHA  
Statistical analysis
One-way analysis of variance (ANOVA) and Fisher's least significant difference (LSD) test were performed to assess statistical significance of the observed difference. The data were analyzed using SPSS software (version 14.0 for Windows) with a confidence interval of 95%.
RESULTS AND DISCUSSION
Effect of NaOH pretreatment on composition change in pretreated samples
Solid-state NaOH pretreatment of rose stalk for 3 days caused an obvious change in TS and VS reductions (Table 1) . When NaOH loading was increased from 0% (w/w) to 4%, TS and VS reductions increased from 7.2% to 12.6% and from 4.0% to 14.4%, respectively. Simultaneously, more soluble matters, such as COD and VFAs, were released from biomass with increase in NaOH loading at the pretreatment stage, indicating that high NaOH loading resulted in greater disruption of lignocelluloses. Similar results have also been reported in NaOH pretreatment of corn stover ( liquid from pretreated biomass were close to neutral, between 6.35 and 6.81. On the other hand, the pH of liquid from CK was 4.89. After NaOH pretreatment, the pH before anaerobic digestion does not need to be adjusted with dilute hydrochloric acid. This is an advantage of solidstate NaOH pretreatment. VS reduction and soluble matter generation in the CK group may be ascribed to the actions of microorganisms. A similar phenomenon has been reported in water-soaked pretreated samples (Liang et al. ) .
Effect of NaOH pretreatment on methane production
The time course of biogas production is presented in Figure 1 (a), whereas Figure 1(b) shows methane yields from 30 days of semi-dry anaerobic digestion of pretreated rose stalk. A comparison for biogas-production efficiency in semi-dry anaerobic digestion of pretreated rose stalk is summarized in Table 2 . The curves of daily biogas yield for different groups showed a similar tendency (Figure 1(a) ). Biogas production mainly occurred on day 10 of digestion. The maximum daily biogas production occurred on day 2 for CK (38.8 mL/g VS added), on day 2 for R1 (40.2 mL/g VS added), on day 2 for R2 (40.8 mL/g TS added), and on day 3 for R3 (40.4 mL/g VS added). After digestion for 30 days, specific biogas and methane yields ranged from 143.7 mL/g VS added to 192.1 mL/g VS added and from 81.8 mL/g VS added to 117.7 mL/g VS added, respectively (Table 2) . Solid-state NaOH pretreatment increased the biogas and methane Technical digestion time (T 80 ) c (d) 11.5 ± 1.1 10.7 ± 0.5 10.2 ± 0.3 9.8 ± 0.6
Mean methane content (%) 56.8 ± 5.7 56.5 ± 3.5 52.5 ± 7.8 61.3 ± 4.9
Note: the same row having the same letter are not significantly different (p > 0.05) using LSD. a TS reduction at the digestion stage ¼ TS reduction at the whole treated stage -TS reduction at the pretreatment stage (given in Table 1 ). b The ratio of methane yield of pretreated and CK samples.
c Defined as the time produced 80% of gas yield.
yields because of lignin removal and disruption of lignocellulosic structure (He et al. ) . R3 gave the highest methane yield of 117.7 mL/g VS added, which was 144% greater compared with that of the CK group (Table 2) . TS reduction at the whole pretreatment and digestion stages reached 38.8-57.8%, whereas that of the digestion stage reached 31.6-45.2% (Table 2) . This was consistent with the TS reduction of NaOH solid-state pretreatment of corn stover reported by Pang et al. () (41.6-48.9%) but higher than that reported by .4% for 0-5% NaOH loading). Technical digestion time (T 80 ) is defined as the time required to produce 80% of gas yield (Liang et al. b) . The observed reductions in T 80 for anaerobic digestion of NaOH-pretreated biomass (Table 2) indicates that NaOH pretreatment enhances the biogas production rate.
The methane content first increased from about 40% on day 1 to over 60% on day 5 and then remained at around 58-74% (Figure 1(b) ). After digestion for 30 days, the mean methane content ranged from 52.5 to 61.3% for all experimental groups ( Table 2) .
Effect of NaOH pretreatment on process stability
Changes in pH, COD, VFAs, TA contents and VFA/TA ratios of digested liquid from semi-dry anaerobic digestion of rose stalk is presented in Figure 2 . During semi-dry anaerobic digestion of pretreated biomass, the pH value was in the range of 7.09-7.68. An increase in pH was observed during the initial days of digestion (up to 9 days for CK and up to 3 days for R1, R2 and R3). The pH value then gradually stabilized to 7.0-7.3 until the end of digestion (Figure 2(a) ). The hydrolysis of organic matter, as well as VFA generation and consumption, may be ascribed to pH variation. There was no significant difference in pH values for all groups based on LSD statistical analysis. The variations in COD during semi-dry anaerobic digestion are depicted in Figure 2(b) . The COD content ranged from 2.2 to 9.1 g/L for CK, 3.2 to 10.7 g/L for R1, 6.2 to 8.9 g/L for R2, and 6.3 to 11.4 g/L for R3. The initial increase was due to hydrolysis of insoluble organic matter to soluble small molecular matter. The mean COD content of R3 was significantly higher than those of CK and R1.
With 30-day digestion, the VFA content ranged from 133 to 1,533 mg/L for CK, 216 to 1,550 mg/L for R1, 683 to 2,166 mg/L for R2, and 783 to 2,333 mg/L for R3. A decreasing tendency was observed in VFA contents for NaOH-treated groups (Figure 2(c) ), with the peak value achieved on day 3. The mean VFA content of R3 (1,583 ± 669 mg/L) was significantly higher than those of CK (688 ± 634 mg/L) and R1 (880 ± 509 mg/L). TA had a similar profile as pH change. The maximum TA value reached 3,795 mg CaCO 3 /L on day 16 for CK, 3,795 mg CaCO 3 /L on day 9 for R1, 5,659 mg CaCO 3 /L on day 9 for R2, and 7,511 mg CaCO 3 /L on day 9 for R3 ( Figure 2(d) ). When NaOH loading was increased from 0 to 4%, the mean TA value also increased from 3,578 to 6,466 mg CaCO 3 /L. The mean TA value of NaOH-pretreated groups was significantly higher than that of CK.
The VFA/TA ratio may be used as an indicator of the stability of the anaerobic digestion process, and a ratio below 0.4 indicates a healthy digester (Callaghan et al. ) . The initial VFA/TA ratios were higher than 0.4 for the CK (0.50), R1 (0.40), and R2 (0.46) groups. However, a maximum VFAs/TA ratio of 0.33 was achieved for R3 on day 3. The accumulation of VFAs resulted in high VFAs/TA ratio at initial digestion. With the consumption of VFAs, a sharp decrease in the VFA/TA ratios was observed on day 9 for all groups (Figure 2(e) ). At the end of digestion, the VFAs/TA ratios ranged from 0.03 to 0.14 for all groups. Compared with the other groups, R3 had lower VFA/TA ratios, indicating that R3 has higher process stability.
Energy balance analysis for NaOH pretreatment
In the present study, solid-state NaOH pretreatment improved methane production from semi-dry anaerobic digestion of rose stalk. Pretreatment was previously reported to be one of the most energy-intensive steps in the processing of lignocellulose for bioenergy or biofuel (Mosier et al. ) . Therefore, a basic energy balance analysis was conducted and the result is presented in Table 3 .
The pretreated samples produced a higher amount of methane compared with the untreated samples. The increase in energy output associated with additional methane production ranged from 171.8 kJ/kg VS added to 891.4 kJ/kg VS added from semi-dry anaerobic digestion of pretreated samples (Table 3) . However, this increase required an additional energy input of 476.9 kJ/kg VS added at the solid-state NaOH pretreatment stage, including the energy needed for heating the pretreated mixture and Increased energy input ¼ CM(T-T 0 )(1 þ 10%)/(0.477 × 0.9140), C is the specific heat capacity (4.2 kJ/(kg. W C)); M is the VS weight of heat substrate (1 kg TS); T and T0 are pretreatment temperature (55 W C) and normal temperature (10 W C), respectively; and 10% is the extra energy maintaining the system besides heating need (Zhong et al. 2015) ; 0.477(kg/kg) is the initial TS concentration of reactor at pretreatment stage; 0.9140 is the content of VS (% TS). d Net energy recovery ¼ Increased energy output -Increased energy input.
maintaining the system. Therefore, the net energy recovery for pretreated samples was in the range of À303.1-414.5 kJ/kg VS added compared to untreated samples. The R3 group with 4% NaOH pretreatment yielded the highest net energy recovery, whereas the net energy recovery of R1 and R2 were negative, indicating that increased energy output from additional methane cannot offset the increased energy input at the pretreatment stage.
CONCLUSIONS
Solid-state NaOH pretreatment improved biogas and methane yields of semi-dry anaerobic digestion from 143.7 mL/g VS added to 157.1 mL/g VS-192.1 mL/g VS added and from 81.8 mL/g VS added to 88.8 mL/g VS-117.7 mL/g VS added, respectively. Higher VS reduction and lower technical digestion time were also achieved by solid-state NaOH pretreatment. The 4% NaOH-pretreated group had the highest methane yield and net energy recovery. Higher rate of breakage of lignocelluloses and higher process stability of anaerobic digestion facilitated increased biogas production in the NaOH-pretreated groups compared to the untreated groups.
